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Abstract	  Pesticides	  are	  nearly	  ubiquitous	   in	  our	  environment,	  due	   in	  part	  to	  their	  excessive	  use	   in	  agriculture.	   Two	   of	   the	   most	   heavily	   used	   pesticides	   are	   the	   herbicides	   N-­‐phosphonomethyl	  glycine	  (glyphosate)	  and	  2,4-­‐Dichlorophenoxyacetic	  acid	  (2,4-­‐D).	  While	  several	  studies	  have	  examined	  the	  effects	  of	  glyphosate	  and	  2,4-­‐D	  on	  processes	  such	  as	  cell	  death	  and	  endocrine	   signaling	   in	  humans,	   the	  effects	  of	   these	   compounds	  on	   the	   cellular	  stress	  response	  were	  unknown.	   In	  this	  work,	  we	  have	  examined	  the	  effects	  of	  glyphosate	  and	   2,4-­‐D	   on	   the	   formation	   of	   stress	   granules,	   subcellular	   aggregates	   of	   translationally-­‐silent	  mRNP	  complexes	  that	  form	  under	  acute	  stress	  conditions.	  We	  find	  that	  the	  pesticide	  2,4-­‐D	   forms	  stress	  granules	   in	  a	  dose-­‐responsive	   fashion	   in	  human	  osteosarcoma	  cells	  at	  concentrations	   ranging	   from	   1	   mM	   to	   4	   mM;	   glyphosate	   showed	   no	   stress	   granule	  formation	  at	  doses	  ranging	  from	  1	  mM	  to	  100	  mM,	  though	  cell	  death	  was	  observed	  at	  doses	  above	   5	   mM.	   We	   further	   show	   that	   2,4-­‐D-­‐induced	   stress	   granules	   are	   blocked	   by	   pre-­‐treatment	  with	  the	  translation	  inhibitor	  cyclohexamide,	  thus	  confirming	  the	  mechanism	  of	  stress	  granule	  formation	  as	  dependent	  on	  polysome	  disassembly.	  Given	  the	  commonality	  of	  pesticide	  mixtures,	  glyphosate	  pre-­‐treatments	  were	  performed	  to	  determine	  if	  glyphosate	  would	  induce	  or	  suppress	  stress	  granule	  formation	  in	  combination	  with	  2,4-­‐D,	  however	  no	  significant	  effect	  was	  observed.	  Our	  results	  show	  that	  2,4-­‐D	  may	  have	  a	  significant	  impact	  on	  cellular	   stress	  pathways,	   and	   that	  additional	   research	   into	   the	  effects	  of	  pesticides	  on	  the	  cellular	  stress	  response	  is	  warranted.	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Background	  During	   times	   of	   acute	   stress,	   eukaryotic	   cells	   exhibit	   the	   cellular	   stress	   response,	   an	  established	  mechanism	  that	  signals	   the	  need	   to	  conserve	  energy	   in	  an	  effort	   to	  prioritize	  cell	   survivability.	   Several	   environmental	   factors	   can	   elicit	   a	   stress	   response	   in	   a	   cell.	   For	  example,	   heat	   shock	   response	   and	   unfolded	   protein	   response	   results	   in	   an	   increase	   in	  protein	  activity	  aimed	  at	  counteracting	  the	  stress.	  After	  being	  exposed	  to	  an	  acute	  stress,	  the	  amount	  of	  macromolecular	  damage	  on	  DNA,	  proteins,	  and	  other	  important	  structures	  is	  assessed	  by	  the	  cell	  through	  a	  set	  of	  proteins	  in	  order	  to	  generate	  an	  appropriate	  response	  (Kultz,	  2005).	  One	  possible	  response	   is	   the	   formation	  of	  a	  stress	  granule.	  Stress	  granules	  are	   made	   up	   of	   non-­‐translating	   messenger	   ribonucleoprotein	   complexes	   (mRNPs)	  (Anderson	  and	  Kedersha,	  2008).	  Stress	  granules	  form	  when	  mRNA	  translation	  initiation	  is	  interrupted	   (Buchan	   and	   Parker,	   2009).	   Through	   increasing	   the	   concentration	   of	  translation	  factors	  and	  mRNAs,	  stress	  granules	  are	  hypothesized	  to	  promote	  the	  assembly	  of	   translation	   initiation	   complexes	   (Anderson	   and	   Kedersha,	   2008).	   Stress	   granules	  function	   to	   inhibit	   apoptosis,	   improving	   the	   chance	   of	   cell	   survivability	   (Anderson	   and	  Kedersha,	   2014).	   In	   the	   instance	   where	   a	   cell	   does	   not	   have	   the	   capacity	   to	   adapt,	   the	  cellular	  stress	  response	  will	  then	  initiate	  apoptosis,	  eliminating	  the	  damaged	  cells	  from	  the	  organism	   (Fulda	   et	   al,	   2010).	   Therefore,	   the	   outcomes	   of	   the	   cellular	   stress	   response	  include:	   counteracting	   cellular	   damage,	   broadening	   the	   tolerance	   for	   damage,	   or	  eliminating	  damaged	  cells	  by	  apoptosis	  (Kultz,	  2005).	   
 
Stress	  Granule	  Formation	  Assembly	   of	   stress	   granules	   occurs	   rapidly	   when	   the	   cell	   experiences	   detrimental	  environmental	   factors,	   including	   toxins,	   heat	   shock,	   and	  oxidative	   stress	   (Figure	  1).	   Cells	  defensively	  cease	  protein	  synthesis	  during	  times	  of	  stress	  by	  phosphorylation	  of	  eukaryotic	  initiation	  factor	  2	  alpha	  (eIF2α)	  on	  serine	  51	  (Donnelly	  et	  al,	  2013).	  After	  phosphorylation,	  the	   polysome	   is	   disassembled	   and	   stress	   granules	   are	   able	   to	   assemble	   (Anderson	   and	  Kedersha,	  2008).	  As	  a	  result,	  mRNA	  processing	  functions	  and	  additional	  cellular	  processes	  are	  halted,	  and	  the	  proteins	  are	  used	  to	  fulfill	  more	  necessary	  functions	  (Kultz,	  2005).	  	  After	  phosphorylation	   of	   eIF2α,	   there	   is	   a	   reduction	   in	   eIF2α-­‐GTP-­‐tRNAimet	   ternary	   complex	  needed	   for	   initiation	   of	   translation	   (Anderson	   and	   Kedersha,	   2008).	   Stalled	   translation	  results	  in	  unused	  initiated	  mRNPs	  derived	  from	  disassembling	  polysomes,	  which	  form	  into	  stress	   granules	   (Anderson	   and	   Kedersha,	   2008).	   Other	   components	   of	   stress	   granules	  include	   poly(A)+	   RNA	   bound	   to	   early	   initiation	   factors	   and	   small	   ribosomal	   subunits,	  varying	  proteins,	  and	  signaling	  molecules.	  In	  addition	  to	  stress	  granules,	  processing	  bodies	  or	  p-­‐bodies,	  can	  also	  form.	  P-­‐bodies	  are	  composed	  of	  mRNA	  decay	  components,	  as	  well	  as	  enzymes	   absent	   in	   stress	   granules	   that	   remove	   the	   poly(A)	   tail,	   7meG	   cap,	   and	   degrade	  mRNA	  (Kedersha	  et	  al,	  2005).	  Stress	  granules	  and	  P-­‐bodies	  are	  thought	  to	  work	  together	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 cooperatively:	  stress	  granules	  function	  to	  sort	  and	  remodel	  disassembled	  polysomes,	  while	  P-­‐bodies	   are	  primarily	   responsible	   for	  degradation.	  However,	  P-­‐bodies	   are	   found	   in	   cells	  that	   do	   not	   show	   signs	   of	   stress,	   whereas	   stress	   granules	   are	   formed	   specifically	   in	  response	  to	  stress	  indicated	  by	  phosphorylation	  of	  eIF2α	  (Anderson	  and	  Kedersha,	  2008). 
 
 
Figure	   1:	   Stress	   Granule	   Formation	   in	   U2OS	   cells	   treated	   with	   2mM	   of	   2,4-­‐
Dichlorophenoxyacetic	   acid.	   Stress	   Granules	   appear	   in	   fluorescent	   green,	   and	   P-­‐
bodies	   appear	   red.	   Adjacent	   formation	   visible	   in	   the	   zoomed	   image	   (Cotter	   and	  
Lawell,	  2017). 
 
Overview	  of	  Pesticides	  Pesticides	  in	  their	  many	  forms	  (including	  herbicides,	  fungicides,	  insecticides,	  rodenticides,	  and	  others),	  are	  used	  to	  control	  insects,	  weeds,	  rodents,	  bacteria,	  and	  mold	  from	  interfering	  with	  the	  cultivation	  of	  plants	  (Pesticides,	  2016).	  They	  can	  be	  found	  in	  soil,	  air,	  surface,	  and	  groundwater,	   suggesting	   exposure	   to	   every	   part	   of	   the	   environment.	   Worldwide,	  approximately	  1.8	  billion	  farmers	  use	  pesticides	  on	  their	  crops,	  in	  an	  effort	  to	  protect	  their	  food	  (Alavanja,	  2009).	  Every	  year	  approximately	  5.6	  billion	  pounds	  of	  pesticides	  are	  used	  globally;	  use	  in	  the	  United	  States	  alone	  is	  over	  1	  billion	  pounds	  (Alavanja,	  2009).	  Pesticides	  are	  the	  only	  toxic	  substances	  that	  are	  intentionally	  released	  into	  the	  environment	  meant	  to	  kill	   living	   things	   (Pesticides,	   n.d.).	   Pesticides	   contain	   active	   and	   inert	   ingredients;	   active	  ingredients	  are	  chemicals	   that	  act	   to	  control	   the	  pests,	  and	   inert	   ingredients	  are	  all	  other	  ingredients	   that	   are	   important	   for	  product	  performance	  and	  usability	   (Basic	   Information	  about	   Pesticide	   Ingredients,	   2016).	   Some	   of	   the	   most	   common	   active	   ingredients	   in	  pesticides	  used	  on	  crops	  are	  glyphosate,	  2,4-­‐Dichlorophenoxyacetic	  acid,	  Imidacloprid,	  and	  Atrazine.	   From	   1992	   and	   1999,	   the	   National	   Water	   Quality	   Assessment	   Program	   of	   the	  United	  States	  analyzed	  untreated	  groundwater	   from	  1255	  domestic	  drinking-­‐water	  wells	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 and	   242	   public	   supply	   wells,	   and	   they	   analyzed	   for	   as	   many	   as	   60	   volatile	   organic	  compounds	   (VOCs),	   83	   pesticides,	   and	   nitrate	   (Squillance,	   2002).	   About	   38%	   pesticides	  were	  detected	  among	  all	  of	  the	  samples	  and	  was	  determined	  that	  mixtures	  with	  pesticides	  and	  nitrate	  were	  higher	  than	  mixtures	  with	  VOCs,	  along	  with	  82%	  of	  the	  samples	  contained	  pesticides	  with	  the	  presence	  of	  atrazine	  and	  deethylatrazine	  (Squillance,	  2002).	   	    
Glyphosate	  (N-­‐phosphonomethyl	  glycine)	  N-­‐phosphonomethyl	  glycine,	  also	  known	  as	  glyphosate,	   is	  one	  of	  the	  most	  common	  active	  ingredient	  in	  herbicides	  used	  on	  crops.	  Glyphosate	  is	  the	  only	  known	  molecule	  that	  inhibits	  the	  enzyme	  5-­‐enolpyruvyl	  shikimate	  3-­‐phosphate	  synthase	  (EPSPS),	  which	  is	  an	  enzyme	  of	  the	   shikimic	   acid	   pathway	   that	   governs	   the	   synthesis	   of	   aromatic	   amino	   compounds	   in	  higher	  plants,	  algae,	  bacteria	  and	  fungi.	  The	  mechanism	  of	  glyphosate-­‐induced	  inhibition	  of	  the	   shikimic	   acid	   pathway	   actually	   kill	   plants	   is	   not	   well	   understood	   (Duke,	   2008).	   The	  presence	   of	   glyphosate	   is	   harmful	   to	   crops	   that	   are	   not	   glyphosate	   resistant	   because	   it	  depletes	  the	  aromatic	  amino	  acids	  that	  are	  required	  for	  protein	  synthesis,	  thus	  killing	  the	  crops	  (Duke,	  2008).	  It	  is	  used	  for	  weed	  control	  for	  nearly	  all	  crop	  types	  in	  the	  agricultural	  field.	   Glyphosate	   is	   toxicologically	   and	   environmentally	   safe,	   which	   is	   why	   crops	   are	  becoming	   resistant	   to	   the	  pesticide	   (Duke	   ,	  2008).	   It	   is	   estimated	   that	  90%	  of	   transgenic	  crops	   grown	   worldwide	   are	   glyphosate	   resistant,	   with	   some	   being	   naturally	   resistant	  (Duke,	   2008).	   Additionally,	   there	   has	   been	   no	   evidence	   that	   weeds	   have	   been	   naturally	  resistant	  to	  glyphosate	  (Duke,	  2008).	  Plant	  (non-­‐weed)	  resistance	  to	  pesticides	  is	  crucial	  to	  improving	   the	   life	   of	   plants,	   and	   eradicating	   the	   presence	   of	   pests	   near	   the	   plants.	   Now	  there	  is	  the	  concern	  of	  pests	  evolving	  to	  become	  resistant	  to	  the	  pesticides	  to	  prevent	  them	  from	  harming	  crops.	  Through	  glyphosate	  contamination	  in	  consumer	  products,	  measurable	  amounts	   of	   glyphosate	   have	  been	   found	   in	   human	   and	   animal	   tissues.	  When	  mixed	  with	  cationic	   salts	   and	   other	   products	   to	   produce	   the	   commercial	   stock,	   the	   active	   ingredient	  glyphosate	  molecule,	   becomes	  more	   dangerous	   and	   starts	   to	   affect	   plant	   and	   animal	   life	  (Duke,	   2008).	   Commercial	   formulations	   also	   contribute	   significantly	   to	   the	   toxicity	   of	  pesticides.	  For	  example,	  G	   formulation,	  which	   is	  a	   formulation	  of	  glyphosate,	   induces	  cell	  death	  at	  a	  faster	  rate	  than	  glyphosate	  alone	  (Chaufan,	  2014). 
 
2,4-­‐D	  (2,4-­‐Dichlorophenoxyacetic	  acid)	  2,4-­‐Dichlorophenoxyacetic	  acid,	  otherwise	  known	  as	  2,4-­‐D,	  was	  the	  first	  herbicide	  that	  was	  used	   to	   control	   broadleaf	  weed	   in	   cereal	   crops,	   sugarcane,	   turf,	   and	   pastures,	   and	   is	   the	  third	  widely	  used	   in	   the	  United	  States	  and	  Canada	  (Kaioumova,	  2001).	  Approximately	  46	  million	   pounds	   are	   used	   worldwide	   and	   about	   2.6	   million	   pounds	   of	   2,4-­‐D	   are	   used	  annually	  in	  the	  United	  States:	  66%	  on	  agriculture,	  23%	  on	  pasture/rangeland,	  and	  10%	  by	  homeowners	  (Gilbert,	  2014).	  Similarly	  to	  glyphosate,	  the	  commercial	  formulations	  of	  2,4-­‐D	  were	   more	   toxic	   than	   the	   free	   acidic	   form,	   but	   for	   2,4-­‐D,	   it	   could	   possibly	   be	   due	   to	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 contaminating	  agents	   in	   the	   commercial	  products	   (Kaioumova,	  2001).	  This	  herbicide	  has	  been	  known	   to	   show	  adverse	   effects	   to	   the	  health	  of	   animals	   and	  humans,	  which	   induce	  embryotoxicity,	  teratogenicity,	  neurotoxicity	  and	  more	  (Bongiovanni,	  2011).	  This	  pesticide	  is	   slightly	   toxic	   to	   humans	   in	   high	   doses	   because	   it	   acts	   as	   a	   depressant	   on	   the	   central	  nervous	   system	   and	   can	   be	   an	   irritant	   to	   the	   respiratory	   system	   (Gilbert,	   2014).	   In	   the	  environment,	  2,4-­‐D	  esters	  and	  amines	  degrade	  rapidly	  to	  form	  an	  acid,	  which	  typically	  has	  low	  persistence	  under	  normal	  conditions	  due	  to	   the	  short	  half	   life	  of	  seven	  days	  (Gilbert,	  2014).	   2,4-­‐D	   is	   extremely	   toxic	   to	  honeybees,	   disrupting	  pollination,	   causing	   a	   long-­‐term	  negative	  effect	  on	  crops	  (Gilbert,	  2014).	  In	  a	  study	  in	  rats,	  rat	  cerebellar	  granular	  cells	  were	  exposed	  to	  different	  concentrations	  of	  2,4-­‐D	  and	  it	  was	  observed	  that	  after	  24	  hours,	  there	  was	   no	   effect	   on	   the	   cells,	   but	   after	   48	   hours,	   there	   was	   a	   significant	   decrease	   in	   cell	  viability;	   the	  concentration	  that	  affected	  the	  cells	   the	  most	  was	  at	  100	  μM	   	  (Bongiovanni,	  2011).	   
 
Influence	  on	  Homo	  sapiens	  There	   are	   many	   different	   routes	   for	   pesticides	   to	   enter	   the	   body,	   including	   inhalation,	  ingestion,	   and	   skin/eye	   absorption.	  When	   the	   pesticides	   are	   in	   contact	  with	  mammalian	  cells,	  there	  can	  be	  many	  adverse	  effects: 
● Oxidative	   stress.	   Oxidative	   stress	   is	   a	   disturbance	   in	   the	   balance	   between	   the	  production	  of	  reactive	  oxygen	  species	  and	  antioxidant	  defenses	  (Betteridge,	  2000).	  The	  central	  nervous	  system	  (CNS)	  is	  highly	  sensitive	  to	  oxidative	  stress,	  and	  it	  has	  been	  shown	  that	  2,4-­‐D	   targets	   the	  CNS,	   resulting	   in	  oxidative	  stress	   (Bongiovanni,	  2011).	   It	   has	   been	   reported	   that	   pesticides	   generate	   intracellular	   reactive	   oxygen	  species	   (ROS)	   levels	   which	   triggers	   oxidative	   damage	   (Chaufan,	   2014).	  Environmental	  stressors,	  such	  as	  glyphosate,	  are	  known	  to	   induce	  oxidative	  stress	  on	  a	  HepG2	  cell	   line,	  which	  can	  result	   in	  apoptosis	  with	  dilutions	   levels	   far	  below	  agricultural	  recommendations	  (below	  1000	  mg/L)	  (Chaufan,	  2014). 
● Apoptosis.	   Apoptosis	   is	   the	   process	   of	   programmed	   cell	   death.	   Naturally,	   this	  occurs	  when	  cells	  are	  no	  longer	  needed,	  but	  it	  also	  may	  occur	  if	  the	  cell	  is	  damaged	  upon	  repair.	  When	  a	  cell	  undergoes	  apoptosis,	  the	  mechanism	  is	  normally	  neat,	  in	  a	  sense	   that	   it	   does	   not	   damage	   its	   neighbors	   (Alberts,	   2002).	   Studies	   involving	   in	  
vitro	   and	   in	   vivo	   exposures	   show	   that	  high	   levels	  of	  2,4-­‐D	  have	  adverse	  affects	  on	  cells,	  like	  cell	  membrane	  damage,	  and	  have	  shown	  to	  promote	  apoptosis	  in	  a	  variety	  of	  cell	  lines	  (Teixeira,	  2004). 
● Endocrine	   system.	   The	   endocrine	   system	   is	   a	   collection	   of	   glands	   that	   produce	  hormones	  that	  regulate	  metabolism,	   tissue	   function,	  sexual	   function,	  reproduction,	  blood	   maintenance,	   cellular	   metabolism,	   growth	   and	   development,	   immune	  response,	   and	  many	  other	   functions.	  A	  disruption	  of	   the	   endocrine	   system	   can	  be	  caused	  by	  stress,	  infection,	  changes	  in	  the	  blood’s	  fluid	  and	  electrolyte	  balance,	  and	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 a	  abnormal	  hormone	   levels.	  2,4-­‐D	  has	  been	  known	  to	  have	  negative	  effects	  on	   the	  thyroid	   gland,	   and	   immune	   system.	   It	   works	   to	   displace	   sex	   hormones	   from	   the	  hormone-­‐transporting	  protein	   in	  the	  blood,	  and	  has	  been	  found	  that	  high	   levels	  of	  2,4-­‐D	   have	   correlated	  with	   low	   sperm	   count,	   high	   levels	   of	   abnormal	   sperm,	   and	  atrophy	  of	  the	  testes	  (Gilbert,	  2014).	  Additionally,	  2,4-­‐D	  contributes	  to	  the	  growth	  of	  breast	  cancer	  cells	  because	  it	  acts	  similar	  to	  estrogen,	  thus	  inducing	  cancer	  cells	  to	  proliferate	  (Gilbert,	  2014).	   
● Diseases.	  Pesticides	  have	  been	  reported	  to	  be	  a	  link	  to	  causing	  Parkinson’s	  Disease,	  though	   not	   2,4-­‐D	   or	   glyphosate,	   specifically,	   but	   organochlorine	   pesticides	   (Ritz,	  2000).	  The	  mortality	  rate	  from	  Parkinson’s	  Disease	  has	  also	  increased	  in	  countries	  that	  use	  pesticides.	  Parkinson’s	  Disease	  is	  not	  a	  fatal	  disease,	  but	  it	  is	  recognized	  as	  the	  cause	  of	  several	  other	  fatal	  diseases	  (Ritz,	  2000).	  From	  1996	  and	  2002,	  women	  in	  the	  United	  States	  with	  last	  menstrual	  period	  (LMP)	  in	  April-­‐July	  were	  significantly	  more	  likely	  to	  have	  birth	  defects,	  which	  was	  positively	  correlated	  due	  to	  pesticides	  (Winchester,	  2009).	   
 Pesticides	  are	  not	  naturally	  found	  in	  humans,	  but	  after	  being	  exposed,	  humans	  are	  at	  risk	  of	  having	  traces	  of	  pesticides	  found	  in	  their	  body	  in	  blood,	  urine,	  or	  other	  tissues.	  In	  a	  study	  looking	   at	   farmers	   and	   their	   families.	   Urine	   samples	   were	   collected	   for	   3	   days	   after	  glyphosate	  was	  applied	   to	   the	   fields.	   It	  was	  seen	   that	  60%	  of	   the	   farmers	  had	  detectable	  levels	  of	  glyphosate	  in	  their	  urine	  the	  day	  of	  application;	  traces	  from	  3	  ppb	  to	  233	  ppb	  with	  the	  highest	  estimated	  systemic	  dose	  of	  0.004	  mg/kg.	  Spouses	  of	  the	  farmers	  only	  had	  4%	  detectable	  levels	  of	  glyphosate	  in	  their	  urine	  and	  their	  maximum	  value	  of	  trace	  was	  3	  ppb.	  Children	  had	  a	  12%	  detection	  of	  glyphosate	  with	  the	  maximum	  concentration	  to	  be	  29	  ppb;	  likely	  due	  to	  the	  children	  helping	  to	  apply	  the	  glyphosate	  (Acquavella,	  2004).	   
 Pesticide	  exposure	  is	  widespread,	  and	  traces	  of	  pesticides	  have	  been	  detected	  in	  the	  human	  body,	  showing	  effects	  on	  human	  cells	  through	  oxidative	  stress	  and	  cell	  death.	  However,	  the	  relationship	  between	   these	  pesticides	   and	   the	   formation	  of	   stress	   granules	  has	   yet	   to	  be	  examined.	  Here	  we	  have	  examined	   the	   formation	  of	   stress	   granules	   in	   response	   to	  2,4-­‐D	  and	  glyphosate	  exposure.	  We	  find	  that	  2,4-­‐D	  induces	  the	  formation	  of	  stress	  granules	  in	  a	  dose-­‐dependent	   manner.	   These	   stress	   granules	   are	   inhibited	   as	   expected	   by	   the	  translational	  arrest	  compound	  cycloheximide.	  While	  glyphosate	  induces	  cell	  death	  at	  high	  doses,	  we	  did	  not	  detect	  stress	  granule	  formation	  at	  lower	  doses.	  We	  further	  examined	  the	  effects	   on	   stress	   granule	   formation	   of	   a	   chronic	   low-­‐dose	   pre-­‐treatment	   of	   cells	   with	  glyphosate	   followed	   by	   acute	   stress	   with	   2,4-­‐D,	   and	   found	   no	   significant	   increase	   or	  decrease	   in	   the	   formation	   of	   stress	   granules	   when	   a	   low-­‐dose	   of	   glyphosate	   is	   present.	  These	   results	   suggest	   that	   glyphosate	   and	   2,4-­‐D	   exposure	   activates	   the	   cellular	   stress,	  however	   glyphosate	   has	   no	   such	   effects	   in	   our	   assays.	   Our	   research	   contributes	  significantly	  to	  our	  understanding	  of	  the	  risks	  of	  these	  chemicals	  to	  human	  health.	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Materials	  and	  Methods	  
U20S	  Cell	  Line	  Double-­‐stable	   osteosarcoma	   (U20S)	   cells	  were	   integrated	  with	  GFP-­‐G3BP	   and	  RFP-­‐DCP1	  (Kedersha	   et	   al.	   2008).	   They	  were	  maintained	   in	  DMEM	  media	   (Corning)	  with	   10%	  FBS	  (Lonza)	   and	   1	   %	   Penicillin/Streptomycin	   (Lonza)	   and	   1%	   L-­‐glutamine	   (Lonza)	   and	  incubated	  at	  37	  °C	  with	  5%	  CO2,	  and	  were	  subcultured	  approximately	  every	  two	  to	  three	  days	  at	  a	  ratio	  of	  1:4.	  These	  stocks	  were	  generously	  donated	  by	  Dr.	  Nancy	  Kedersha	  from	  Brigham	  and	  Women’s	  Hospital. 
 
Arsenic	  Control	  Exposure	  Assay	  The	  U2OS	  cells	  were	  plated	  in	  12-­‐well	  plates	  on	  sterile	  glass	  coverslips	  at	  8	  x	  104	  cells	  per	  well	  in	  1	  mL	  of	  media	  per	  well	  for	  an	  incubation	  growth	  period	  of	  48	  hours,	  or	  at	  1.2	  x	  105	  cells	   per	   well	   in	   1	   mL	   of	   media	   per	   well	   for	   an	   incubation	   growth	   period	   of	   24	   hours,	  selected	  depending	  on	  availability	  to	  perform	  the	  experiment.	   	  Three	  wells	  in	  one	  column	  on	  a	  12-­‐well	  plate	  were	  used	  for	  each	  treatment	  of	  arsenic,	  and	  3	  wells	  in	  the	  next	  column	  were	  used	  for	  the	  negative	  control	  for	  a	  total	  of	  6	  wells	  (half	  of	  the	  12-­‐well	  plate	  was	  used	  in	  the	  arsenic	  control	  exposure	  experiments)	  as	  seen	  in	  Figure	  2.	  For	  every	  experiment,	  the	  cells	   were	   exposed	   to	   arsenic	   for	   one	   hour,	   and	   then	   fixed	   for	   mounting	   on	   a	   slide	  (Appendix	  D	  and	  E).	  This	  procedure	  was	  repeated	  twice.	  All	  plates	  were	  incubated	  at	  37	  °C	  with	  5%	  CO2.	   
 
 
Figure	  2:	  Arsenic	  Control	  Exposure	  Experiment	  Setup. 
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2,4-­‐D	  Acute	  Exposure	  Assay	  For	   each	   experiment,	   the	   U2OS	   cells	   were	   plated	   in	   12-­‐well	   plates	   on	   sterile	   glass	  coverslips	   at	   8	   x	   104	   cells	   per	  well	   in	   1	  mL	   of	  media	   per	  well	   for	   an	   incubation	   growth	  period	  of	  approximately	  48	  hours,	  or	  at	  1.2	  x	  105	  cells	  per	  well	  in	  1	  mL	  of	  media	  per	  well	  for	   an	   incubation	   growth	   period	   of	   approximately	   24	   hours,	   selected	   depending	   on	  availability	  to	  perform	  the	  experiment.	  	  Two	  	  wells	  were	  designated	  for	  the	  arsenic	  control	  (250	  μM),	  2	  wells	  were	  designated	  for	  the	  negative	  control,	  and	  the	  remaining	  8	  wells	  were	  divided	   into	   2	   to	   test	   different	   amounts	   of	   the	   pesticide	   on	   the	   cells	   totaling	   to	   12	  wells	  used	  for	  each	  experiment.	  For	  every	  experiment,	  the	  cells	  were	  exposed	  to	  the	  pesticide	  for	  an	  hour,	  and	  then	   fixed	   for	  mounting	  on	  a	  slide	  (Appendix	  D	  and	  E).	  This	  procedure	  was	  repeated	  nine	  times.	  An	  example	  of	  a	  12-­‐well	  plate	  used	  can	  be	  seen	  in	  Figure	  3.	  All	  plates	  were	  incubated	  at	  37	  °C	  with	  5%	  CO2.	   
 
 
Figure	  3:	  2,4-­‐D	  Experiment	  Template. 
 
Cycloheximide	  Pre-­‐treatment	  Experiment	  For	   each	   experiment,	   the	   U2OS	   cells	   were	   plated	   in	   12-­‐well	   plates	   on	   sterile	   glass	  coverslips	   at	   8	   x	   104	   cells	   per	  well	   in	   1	  mL	   of	  media	   per	  well	   for	   an	   incubation	   growth	  period	  of	  approximately	  48	  hours,	  or	  at	  1.2	  x	  105	  cells	  per	  well	  in	  1	  mL	  of	  media	  per	  well	  for	   an	   incubation	   growth	   period	   of	   approximately	   24	   hours,	   selected	   depending	   on	  availability	  to	  perform	  the	  experiment.	  	  Two	  wells	  were	  designated	  for	  the	  arsenic	  control,	  2	  wells	  were	  designated	  for	  the	  negative	  control,	  and	  the	  remaining	  8	  wells	  were	  divided	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 into	  2	   to	   test	  different	  amounts	  of	   the	  pesticide	  on	   the	  cells	   totaling	   to	  12	  wells	  used	   for	  each	   experiment.	   For	   every	   experiment,	   the	   cells	   were	   pre-­‐treated	   with	   5	   mM	  cycloheximide	  for	  30	  minutes,	  then	  exposed	  to	  3	  mM	  of	  2,4-­‐D	  for	  an	  hour,	  and	  then	  fixed	  for	  mounting	  on	  a	  slide	  (Appendix	  D	  and	  E).	  This	  procedure	  was	  repeated	  four	  times.	  All	  plates	  were	  incubated	  at	  37	  °C	  with	  5%	  CO2.	   
 
Glyphosate	  Pre-­‐treatment	  Experiment	  For	   each	   experiment,	   the	   U2OS	   cells	   were	   plated	   in	   12-­‐well	   plates	   on	   sterile	   glass	  coverslips	   at	   8	   x	   104	   cells	   per	  well	   in	   1	  mL	   of	  media	   per	  well	   for	   an	   incubation	   growth	  period	  of	  approximately	  48	  hours,	  or	  at	  1.2	  x	  105	  cells	  per	  well	  in	  1	  mL	  of	  media	  per	  well	  for	   an	   incubation	   growth	   period	   of	   approximately	   24	   hours,	   selected	   depending	   on	  availability	   to	  perform	  the	  experiment.	  Two	  wells	  were	  designated	  for	  the	  non-­‐treatment	  negative	   control,	   2	   wells	   for	   arsenic	   control	   (300μM),	   2	   wells	   for	   3	   mM	   glyphosate	  treatment	  negative	  control,	  2	  wells	  with	  2	  mM	  2,4-­‐D	  positive	  control,	  2	  wells	  for	  3	  mM	  of	  glyphosate	  pre-­‐treatment	  and	  2	  mM	  of	  2,4-­‐D	  treatment,	  and	  2	  wells	  for	  5	  mM	  of	  glyphosate	  pre-­‐treatment	  and	  2	  mM	  of	  2,4-­‐D	  treatment.	  All	  glyphosate	  wells	  were	  pre-­‐treated	  for	  24	  hours	   before	   adding	   2,4-­‐D	   for	   the	   experiment.	   After	   specified	   exposure,	   the	   slides	   were	  fixed	  for	  mounting	  (Appendix	  D	  and	  E).	  This	  procedure	  was	  repeated	  twice	  and	  all	  plates	  were	  incubated	  at	  37	  °C	  with	  5%	  CO2. 
 
Statistical	  Analysis	  Statistical	  analysis	  data	  was	  compiled	  through	  ANOVA	  and	  one-­‐tailed	  T-­‐testing.	  An	  ANOVA	  was	  performed	  for	  each	  treatment	  (2,4-­‐D	  and	  glyphosate	  pre-­‐treat),	  excluding	  the	  positive	  control	  (arsenic).	  If	  the	  ANOVA	  yielded	  a	  p-­‐value	  lower	  than	  α	  (0.05),	  then	  a	  one-­‐tailed	  T-­‐test	  (Quick	  Calcs)	  was	  performed	  on	  each	  treatment	  and	  the	  negative	  control. 
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Results	  
Acute	  Exposure	  Assays	  To	  determine	  if	  2,4-­‐D	  induces	  stress	  granule	  formation,	  U2OS	  cells	  were	  cultured	  and	  treated	  with	  varying	  concentrations:	  1,	  1.5,	  2,	  2.5,	  3,	  3.5,	  and	  4	  mM.	  Untreated	  cells	  were	  used	  as	  a	  negative	  control,	  and	  cells	  treated	  with	  250	  μM	  arsenic	  for	  a	  positive	  control.	  Figure	  4	  displays	  representative	  results	  of	  the	  formation	  of	  stress	  granules	  with	  the	  two	  controls	  and	  four	  different	  concentrations	  of	  2,4-­‐D. 
 
Figure	   4:	   Stress	   granule	   formation	   in	   response	   to	   2,4-­‐D	   exposure.	  U2OS	   Cells	   non-­‐
treated	  (negative)	  (A),	  250	  μM	  of	  Arsenic	  (B),	  1	  mM	  of	  2,4-­‐D	  (C),	  2	  mM	  of	  2,4-­‐D	  (D),	  3	  
mM	  of	  2,4-­‐D	  (E),	  4	  mM	  of	  2,4-­‐D	  (F). 
 In	  order	  to	  determine	  the	  percentage	  of	  stress	  granules	  that	  were	  formed,	  the	  slides	  were	  blinded	  and	  counted.	  Throughout	  all	  experiments,	  the	  negative	  control	  did	  not	  cause	  stress	  granule	  formation	  (less	  than	  1%	  in	  all	  replicates	  showing	  little	  stress	  granule	  formation),	  and	  the	  arsenic	  caused	  near	  total	  stress	  granule	  formation	  (over	  95%	  in	  all	  replicates	  showing	  a	  high	  amount	  of	  stress	  granule	  formation). 
 Every	  0.5	  mM	  increase	  in	  concentration	  showed	  an	  average	  increase	  of	  15%	  stress	  granule	  formation	   (Figure	   5).	   The	   concentration	   of	   1	   mM	   of	   2,4-­‐D	   had	   little	   stress	   granule	  formation,	  showing	  similar	  results	  to	  the	  negative	  control.	  Concentrations	  of	  3	  mM,	  3.5	  M,	  and	  4	  mM	  of	  2,4-­‐D	  produced	  over	  50%	  stress	  granules.	  A	  Concentration	  of	  1.5	  mM	  of	  2,4-­‐D	  was	  deemed	  the	  threshold	  of	  the	  start	  of	  stress	  granule	  formation.	  Above	  4	  mM	  of	  2,4-­‐D	  cell	  death	   was	   observed.	   Percentage	   of	   stress	   granule	   formation	   with	   relevant	   error	   bars	   is	  illustrated	  in	  Figure	  5. 
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Figure	  5:	  Stress	  granule	  formation	  in	  U2OS	  cells	  treated	  with	  2,4-­‐D	  at	  concentrations	  
varying	   from	   1	  mM	   to	   4	  mM,	  with	   a	   positive	   control	   (arsenic,	   250μM,	   n=9)	   and	   a	  
negative	   control	   (n=9)	   for	   each	   experiment.	   ANOVA	   (p=0.05)	   and	   unpaired	   t-­‐tests	  
were	  performed	  between	  the	  negative	  control	  and	  each	  2,4-­‐D	  concentration.	  	  
*	  p<0.05,	  **	  p<0.01,	  ***	  p<0.001.	  Replicates	  were	  performed	  as	  follows:	  1.5	  mM,	  n=6;	  
2	  mM,	  n=6;	  2.5	  mM,	  n-­‐6;	  3	  mM,	  n=9;	  3.5	  mM,	  n=3;	  4	  mM,	  n=3.	  Error	  bars	  are	  ±	  SEM.	  
 Glyphosate	  was	  tested	  to	  determine	  stress	  granule	  formation.	  To	  do	  this,	  U2OS	  cells	  were	  cultured	  and	  treated	  with	  varying	  concentrations:	  1,	  3,	  5,	  7,	  10,	  100	  mM.	  Cells	  were	  non-­‐treated	  for	  a	  negative	  control,	  and	  treated	  with	  300	  μM	  arsenic	  for	  a	  positive	  control.	  When	  looking	   under	   the	   microscope,	   we	   saw	   no	   stress	   granule	   formation,	   but	   cell	   death	   was	  observed	  at	  5	  mM.	  Therefore,	  we	  did	  not	  continue	  experimenting	  with	  this	  pesticide. 
 
Cycloheximide	  Pre-­‐treatment	  Assay	  Cycloheximide	  is	  a	  drug	  that	  inhibits	  translation	  elongation	  that	  prevents	  the	  formation	  of	  stress	   granules,	   through	   the	   stalling	   of	   the	   stress	   granule	   assembly	   in	   the	   polysomes,	  resulting	  in	  destabilization	  (Anderson,	  2008).	  Cycloheximide	  has	  been	  known	  to	  lead	  to	  a	  strong	   reduction	   of	   stress	   granules	  with	   0.25	  mM	   of	   arsenic,	   but	   not	   0.5	  mM	   of	   arsenic	  (Mollet,	  2008).	  This	  could	  mean	  that	  high	  levels	  of	  chemicals	  that	  are	  known	  to	  produce	  a	  high	   level	  of	   stress	  granules	  may	  outweigh	   the	  effects	  of	   cycloheximide,	  but	  under	   lower	  doses,	  cycloheximide	  can	  reduce	  or	  completely	  rid	  the	  presence	  of	  stress	  granules.	  	  	  In	  order	  to	  confirm	  the	  pathway	  by	  which	  stress	  granules	  are	  formed,	  cycloheximide	  pre-­‐treatment	   was	   used.	   There	   was	   no	   formation	   of	   stress	   granules	   in	   pre-­‐treated	  cycloheximide	  cells	  exposed	  to	  the	  2,4-­‐D	  threshold	  of	  stress	  granule	  formation.	  Two	  sets	  of	  slides	  were	  pre-­‐treated	  with	  5	  mM	  of	  cycloheximide	  for	  30	  minutes,	  and	  then	  treated	  with	  3	  mM	  of	  2,4-­‐D.	  Figure	  6	  depicts	  the	  stress	  granule	  formation	  for	  the	  three	  controls,	  and	  the	  pre-­‐treated	  cycloheximide	  cells	  were	  then	  treated	  with	  2,4-­‐D. 
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Figure	   6:	   Cycloheximide	   pre-­‐treatment	   inhibits	   2,4-­‐D	   induced	   stress	   granule	  
formation.	  U2OS	  Cells	  non-­‐treated	  (negative)	  (A),	  5	  mM	  of	  cycloheximide	  (negative)	  
(B),	  3	  mM	  of	  2,4-­‐D	   (positive)	   (C),	   5	  mM	  of	   cycloheximide	   for	  30	  minutes,	   and	   then	  
treated	  with	  3	  mM	  of	  2,4-­‐D	  (D). 
 Again,	  the	  slides	  were	  blinded	  and	  counted	  to	  determine	  the	  percentage	  of	  stress	  granule	  formation.	   No	   stress	   granule	   formation	  was	   observed	   in	   any	   negative	   control	   slide	   (less	  than	  1%	  in	  all	  replicates),	  positive	  control	  (2,4-­‐D)	  slides	  showed	  stress	  granule	  formation	  (more	   than	   50%	   in	   all	   replicates),	   and	   pre-­‐treated	   CHX	  with	   2,4-­‐D	   did	   not	   cause	   stress	  granule	  formation	  (less	  than	  2%	  in	  all	  replicates).	  A	  quantitative	  analysis	  of	  stress	  granule	  formation	  can	  be	  seen	  in	  Figure	  7. 
 The	   cycloheximide	   pre-­‐treated	   cells	   with	   exposure	   to	   2,4-­‐D	   did	   not	   form	   any	   stress	  granules,	   and	   therefore	   strongly	   suggests	   the	   mechanism	   of	   which	   stress	   granules	   are	  formed	   by	   2,4-­‐D	   is	   occurring.	   This	   fully	   supports	   the	   conclusion	   that	   the	   pesticide	   2,4-­‐D	  causes	  stress	  granule	  formation. 
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Figure	  7:	  Quantitative	  analysis	  of	  cycloheximide	  inhibition	  of	  induced	  stress	  granule	  
formation	  by	  2,4-­‐D	  treatment.	  n=4	  for	  all	  negative,	  CHX	  only,	  and	  2,4-­‐D	  only	  samples	  
and	  n=8	  for	  CHX	  +	  2,4-­‐D	  samples.	  Error	  bars	  are	  ±	  SEM. 
 
Glyphosate	  Pre-­‐treatment	  Assay	  Originally,	   glyphosate	   was	   tested	   alone	   to	   determine	   if	   the	   pesticide	   produced	   stress	  granules.	  We	  determined	  that	  the	  pesticide	  did	  not	  produce	  stress	  granule	  formation,	  and	  therefore	   did	   not	   experiment	   further	  with	   the	   pesticide	   alone.	   Since	   pesticides	   are	   often	  applied	  together	  in	  mixtures,	  longer-­‐term,	  low	  dose	  exposure	  to	  one	  chemical	  might	  make	  the	   cells	   more	   sensitive	   to	   an	   acute	   exposure	   of	   the	   other.	   To	   test	   this	   hypothesis,	  glyphosate	   was	   tested	   in	   combination	   with	   2,4-­‐D	   to	   see	   if	   it	   functioned	   to	   induce	   or	  suppress	   stress	   granule	   formation	  with	   2,4-­‐D	   at	   a	   lower	   concentration.	   U2OS	   cells	  were	  pre-­‐treated	  with	  glyphosate	   for	  24	  hours	  before	  being	  exposed	  to	  2,4-­‐D.	  U2OS	  cells	  were	  cultured	   and	   un-­‐treated	   for	   a	   negative	   control,	   pre-­‐treated	  with	   3	  mM	   of	   glyphosate	   for	  another	  negative	  control	  for	  24	  hours,	  treated	  with	  300	  μM	  of	  arsenic	  for	  a	  positive	  control,	  treated	  with	  2	  mM	  of	  2,4-­‐D	  for	  another	  positive	  control,	  one	  set	  of	  wells	  were	  pre-­‐treated	  with	  3	  mM	  of	  glyphosate	  for	  24	  hours	  and	  then	  treated	  with	  2	  mM	  of	  2,4-­‐D,	  and	  another	  set	  of	  wells	  were	  pre-­‐treated	  with	  5	  mM	  of	  glyphosate	   for	  24	  hours	  and	   then	   treated	  with	  2	  mM	  of	  2,4-­‐D.	  Figure	  8	  shows	  the	  representative	  views	  of	  the	  stress	  granule	  formation	  for	  the	  four	  controls,	  and	  glyphosate	  and	  2,4-­‐D	  exposure	  at	  two	  glyphosate	  concentrations. 
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Figure	  8:	  Non-­‐impacted	  stress	  granule	  formation	  in	  response	  to	  glyphosate	  and	  2,4-­‐D	  
exposure.	  U2OS	  Cells	  non-­‐treated	  (negative)	  (A),	  3	  mM	  of	  glyphosate	  (negative)	  (B),	  
300	  μM	  of	  arsenic	   (positive)	   (C),	  2	  mM	  of	  2,4-­‐D	   (positive)	   (D),	  3	  mM	  of	   glyphosate	  
with	  2	  mM	  of	  2,4-­‐D	  (E),	  5	  M	  of	  glyphosate	  with	  2	  M	  of	  2,4-­‐D	  (F). 
 To	  determine	   the	   percentage	   of	   stress	   granule	   formation,	   blind	   counting	  was	   performed	  and	   quantified	   in	   Figure	   9.	   We	   deemed	   that	   pre-­‐treating	   glyphosate	   before	   adding	   a	  concentration	  that	  produces	  slightly	  less	  than	  optimal	  amount	  of	  stress	  granule	  formation	  (2	  mM	  of	   2,4-­‐D)	   did	   not	   have	   a	   significant	   contributing	   factor	   to	   the	   formation	   of	   stress	  granules.	   Originally,	   treating	  U2OS	   cells	  with	   only	   2	  mM	  of	   2,4-­‐D	   produced	   between	  30-­‐40%	   stress	   granules.	   Cells	   pre-­‐treated	  with	   5	  mM	  of	   glyphosate	   did	   see	   5%	  more	   stress	  granule	   formation	   than	   the	   cells	   pre-­‐treated	  with	   3	  mM	   of	   glyphosate,	   but	   could	   not	   be	  enough	   to	   contribute	   glyphosate	   to	   high	   stress	   granule	   formation.	   It	   appears	   from	   these	  preliminary	  results	  that	  this	  concentration	  of	  glyphosate	  does	  not	  significantly	  impact	  the	  sensitivity	  of	  these	  cells	  to	  acute	  2,4-­‐D	  exposure. 
 
	  	  18	  
 
 
Figure	  9:	  Stress	  granule	  formation	  in	  U2OS	  cells	  non-­‐treated	  (negative	  control,	  n=2),	  
300	  μM	  of	  arsenic	  (positive	  control,	  n=2),	  3	  mM	  of	  glyphosate	  (negative	  control	  n=2),	  
2	  mM	  of	  2,4-­‐D	  (positive	  control,	  n=2),	  3	  mM	  of	  glyphosate	  with	  2	  mM	  of	  2,4-­‐D	  (n=2),	  5	  
mM	  of	  glyphosate	  with	  2	  mM	  of	  2,4-­‐D	  (n=2).	  	  Error	  bars	  are	  ±	  SEM. 
 
 
 
 
 
 
 
 
	  
	  
	  
	  
	  
	  
n=2 n=2 n=2 n=2 n=2 n=2 
	  	  19	  
 
Discussion	  Our	   results	   show	   that	   the	   herbicide,	   2,4-­‐D,	   causes	   stress	   granule	   formation	   in	   a	   dose-­‐dependent	   manner	   in	   the	   range	   of	   1.5-­‐4mM	   in	   U2OS	   cells.	   Starting	   at	   1.5mM,	   the	  percentage	  of	  stress	  granules	  increased	  approximately	  15%	  with	  every	  0.5mM	  increase	  in	  2,4-­‐D	  concentration.	  When	  pre-­‐treated	  with	  cycloheximide,	  2,4-­‐D	   induced	  stress	  granules	  were	   inhibited,	  confirming	  that	  2,4-­‐D-­‐induced	  stress	  granules	  require	  translational	  arrest	  and	  polysome	  disassembly.	  When	  exposed	  to	  glyphosate,	  cells	  did	  not	  form	  stress	  granules	  during	  acute	  exposure	  in	  the	  range	  of	  1-­‐100	  mM	  and	  showed	  signs	  of	  apoptosis	  at	  5	  mM.	  Pre-­‐exposure	   to	  glyphosate	  before	  2,4-­‐D	   treatment	  did	  not	  result	   in	  significant	  change	   in	  stress	  granule	  formation.	  	  
2,4-­‐D	  Exposure	  Assay	  Throughout	  the	  experiments,	  we	  determined	  that	  the	  threshold	  of	  stress	  granule	  formation	  was	   1.5	   mM	   and	   apoptosis	   was	   observed	   starting	   at	   4	   mM.	   We	   also	   observed	   that	   the	  optimal	   concentration	   of	   consistent	   stress	   granule	   formation	   was	   at	   3	   mM.	   In	   recent	  studies,	   2,4-­‐D	   was	   used	   to	   study	   oxidative	   stress	   response	   in	   yeast	   (Teixeira,	   2004).	   At	  different	  concentrations	  of	  2,4-­‐D	  (0.45,	  0.55,	  0.65	  mM)	  the	  cells	  were	  harvested	  after	  a	  15-­‐minute	  incubation	  or	  at	  times	  during	  the	  first	  2.5	  hours	  of	  2,4-­‐D	  exposure	  to	  determine	  the	  production	  of	   free-­‐radicals	   (Teixeira,	  2004).	  During	   this	   time,	   the	  cells	   lost	   their	  viability	  and	   growth	   threefold	   at	   a	   concentration	   of	   0.45	   mM	   of	   2,4-­‐D	   (Teixeira,	   2004).	   This	  comparative	   study	  was	   testing	   for	  dose-­‐	   and	   time-­‐dependent	  oxidative	   stress	   exerted	  by	  2,4-­‐D	   in	   yeast.	   Our	   first	   observation	   of	   significant	   stress	   granule	   formation	   beginning	   at	  1.5mM	  is	  roughly	  threefold	  higher	  than	  the	  dosage	  at	  which	  oxidative	  stress	  was	  observed	  in	  yeast.	   It	  may	  be	  that	  oxidative	  stress	  precedes	  the	  formation	  of	  stress	  granules,	  or	  this	  difference	   may	   be	   due	   to	   the	   different	   cell	   types	   used.	   Future	   investigations	   could	   also	  focus	   on	   the	   effects	   of	   long-­‐term	   exposure	   to	   physiological	   levels	   of	   2,4-­‐D	   on	   the	   acute	  stress	  response.	  
 
Glyphosate	  Exposure	  Assay	  We	  tested	  a	  second	  pesticide,	  glyphosate,	  to	  observe	  if	   it	   formed	  stress	  granules	  on	  U2OS	  cells.	   Through	  performing	   glyphosate	   exposure	   assays,	  we	  determined	   that	   the	   pesticide	  did	  not	  contribute	  to	  the	  formation	  of	  stress	  granules.	  Cell	  death	  was	  observed	  starting	  at	  5	  mM	  of	   glyphosate.	  We	   did	   not	   proceed	  with	   additional	   experimentation	  with	   glyphosate	  alone	  due	  to	  these	  negative	  results,	  and	  the	  observed	  cell	  death	  at	  a	  high	  concentration.	  In	  other	  studies,	   it	  was	  seen	  that	  glyphosate	  formulation	  exposure	   increased	  the	  production	  of	   reactive	   oxygen	   species	   (ROS)	   and	   triggered	   caspase	   3/7	   causing	   apoptosis	   at	   low	  concentrations	  of	  LC50	  (Chaufan,	  2014).	  Chaufan	  concluded	  that	  formulations	  of	  glyphosate	  work	  together	  with	  the	  active	  ingredient	  to	  cause	  more	  toxic	  effects	  than	  the	  free	  acid	  form	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 of	   glyphosate.	   Additionally,	   their	   concentrations	   used	   were	   100	   times	   lower	   than	   the	  concentrations	   used	   in	   agriculture,	   which	   puts	   many	   agricultural	   workers	   and	   rural	  populations	  at	  great	  risk	  of	  exposure	  (Chaufan,	  2014).	  Chaufan	  et	  al.	  used	  formulations	  of	  glyphosate,	   which	   could	   serve	   as	   an	   explanation	   why	   we	   did	   not	   see	   stress	   granule	  production	  with	  the	  pure	  form	  of	  glyphosate	  we	  used	  during	  our	  experiments.	  In	  another	  study,	   it	   tested	   on	   farmers	   and	   their	   families’	   urine	   concentrations	   of	   glyphosate	   were	  monitored	  for	  3	  days	  after	  glyphosate	  was	  applied	  to	  the	  fields.	  It	  was	  seen	  that	  60%	  of	  the	  farmers	   had	   detectable	   levels	   of	   glyphosate	   in	   their	   urine	   the	   day	   of	   application;	   traces	  from	  3	  ppb	  (0.01774	  mM)	  to	  233	  ppb	  (1.38	  mM)	  with	  the	  highest	  estimated	  systemic	  dose	  of	  0.004	  mg/kg.	  Spouses	  of	   the	   farmers	  only	  had	  4%	  detectable	   levels	   in	   their	  urine	  and	  their	  maximum	  value	  of	   trace	  was	  3	  ppb	  (0.01774	  mM).	  On	  the	  other	  hand,	  children	  had	  12%	  detection	  with	  the	  maximum	  concentration	  to	  be	  29	  ppb	  (0.1715	  mM);	  this	  was	  due	  to	  the	  children	  helping	  apply	  the	  glyphosate	  (Acquavella,	  2004).	  When	  comparing	  this	  study	  to	  our	  study,	  our	  testing	  concentrations	  of	  glyphosate	  were	  much	  higher	  than	  the	  study,	  but	  most	  glyphosate	   found	  in	  agriculture	  are	   formulations,	  which	   is	  documented	   in	   literature	  to	  cause	  more	  harm	  to	  cells.	  	  These	  results	  suggests	  that	  glyphosate	  free	  acid	  has	  no	  effect	  	  on	  cellular	  stress	  even	  at	  very	  high	   levels.	  Therefore,	  a	   future	  study	  would	  be	   to	   test	  a	  G	  formulation	  compound	   to	  determine	   if	   the	  more	  dangerous	   formulation	  will	   cause	  stress	  granules.	  
 
Cycloheximide	  Pre-­‐treat	  Exposure	  Assay	  Stress	  granule	  formation	  requires	  the	  complete	  disassembly	  of	  polysomes	  (Kedersha	  et	  al.	  2002).	   Treatment	   with	   cycloheximide,	   a	   translational	   inhibitor	   that	   prevents	   ribosome	  disassembly,	   therefore	   inhibits	   stress	   granule	   formation	   under	   conditions	   that	   normally	  trigger	  polysome	  disassembly.	  We	  show	  in	  Figure	  6	  that	  the	  two	  negative	  controls,	  panel	  A	  and	   B,	   along	   with	   the	   cycloheximide	   pre-­‐treated	   wells,	   panel	   D,	   did	   not	   produce	   stress	  granules	  (<2%	  formation	  in	  all	  replicates)	  and	  that	  only	  the	  2,4-­‐D	  positive	  control,	  panel	  C,	  produced	   stress	   granules.	   This	   data	   is	   quantified	   in	   Figure	   7	   showing	   that	   the	  cycloheximide	   pre-­‐treated	   cells	   with	   2,4-­‐D	   treatment	   produced	  minimum	   stress	   granule	  formation	  in	  comparison	  to	  the	  negative	  controls	  and	  the	  positive	  control	  of	  3	  mM	  of	  2,4-­‐D.	  This	   data	   suggests	   that	   the	   same	   currently	   understood	   mechanism	   of	   stress	   granule	  formation	  was	  occurring	  throughout	  our	  initial	  2,4-­‐D	  experiments,	  though	  additional	  future	  experimentation	  will	  be	  required	  to	  understand	  which	  other	  proteins	  are	  present	  in	  2,4-­‐D	  induced	  stress	  granules,	  and	   to	  confirm	  whether	  or	  not	   the	  2,4-­‐D	  stress	  granules	  require	  phosphorylation	  of	  eIF2alpha	  (Kedersha	  et	  al.,	  2002).	  
	  
Glyphosate	  Pre-­‐treatment	  Exposure	  Assay Glyphosate	   pre-­‐treatment	   was	   performed	   to	   see	   if	   any	   alterations	   in	   stress	   granule	  formation	  would	  occur	  with	  the	  double	  pesticide	  exposure.	  Pre-­‐treatment	  with	  glyphosate	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 before	  treatment	  of	  2	  mM	  of	  2,4-­‐D	  was	  performed	  to	  determine	  whether	  it	  would	  produce	  an	  increased	  or	  decreased	  percentage	  of	  stress	  granules	  than	  our	  previous	  experiment	  of	  just	   2	   mM	   of	   2,4-­‐D	   without	   any	   pre-­‐treatment.	   Two	   concentrations	   of	   glyphosate	   were	  tested,	  3	  mM	  and	  5	  mM,	  with	  2	  mM	  of	  2,4-­‐D.	  (Figure	  8).	  Between	  the	  2,4-­‐D	  positive	  control	  and	   3	  mM	   glyphosate	   pre-­‐treat	   with	   2	  mM	   of	   2,4-­‐D,	   they	   produced	   very	   similar	   results	  (44%	  and	  43%	  stress	  granule	   formation,	   respectively).	  Figure	  9	  quantifies	   the	  data	   from	  the	  blind	  counting.	  From	  the	  counts,	  there	  was	  a	  5%	  increase	  in	  stress	  granule	  formation	  between	   the	  3	  mM	  and	  5	  mM	  glyphosate	  pre-­‐treatment	  with	  2,4-­‐D	   treatment	   (Figure	  9).	  From	   this	   data,	   it	   could	   be	   proposed	   that	   glyphosate	   pre-­‐treatment	   could	   increase	  production	   of	   stress	   granules	   with	   a	   2,4-­‐D	   treatment,	   but	   only	   by	   a	   minimal	   margin.	  Questionably,	   when	   testing	   glyphosate	   in	   our	   initial	   experiment	   to	   determine	   if	   the	  pesticide	   produced	   stress	   granules,	   we	   observed	   cell	   death	   at	   5	   mM,	   but	   in	   this	   pre-­‐treatment	  experiment,	  we	  did	  not	  observe	  apoptosis.	  An	  ANOVA	  was	  performed	  on	  both	  values	  of	  glyphosate	  pre-­‐treatments,	  and	  the	  p-­‐values	  are	  too	  high	  to	  be	  deemed	  significant	  (p=	  0.336	  and	  p=	  0.287	  for	  3mM	  and	  5mM	  of	  glyphosate	  respectively),	  which	  means	  that	  more	  than	  2	  replicates	  must	  be	  performed	  to	  obtain	  more	  reliable	  data.	  Further	  research	  toward	   understanding	   the	   compound	   effects	   of	   pesticides	   is	   of	   great	   interest	   and	  importance	  because	  multiple	  pesticides	  are	  often	  applied	  to	  fields,	  and	  thus	  farm	  workers	  will	  be	  simultaneously	  exposed	  to	  an	  array	  of	  pesticides	  that	  may	  have	  additive	  effects.	   
 
Limitations	  and	  Recommendations	  	  This	  study	  is	  the	  first	  to	  examine	  the	  relationship	  between	  the	  formation	  of	  stress	  granules	  as	   a	   cellular	   stress	   response,	   and	   acute	   exposure	   of	   human	   cells	   to	   pesticides.	  Once	   that	  relationship	  was	  determined,	  previous	  studies	  on	  the	  pesticide	  influence	  on	  Homo	  sapiens	  provides	  additional	  support	  and	  opposition	  for	  the	  observed	  results.	  In	  an	  effort	  to	  explain	  the	  difference	  in	  2,4-­‐D	  concentration	  between	  this	  study	  and	  the	  oxidative	  stress	  response	  in	   yeast	   by	   Teixeira	   in	   2004,	   similar	   exposure	   assays	   could	   be	   performed	   on	   yeast,	   and	  stress	   granule	   percentages	   determined	   (Teixeira,	   2004).	   This	   work	   would	   also	   supply	  additional	  comparison	  between	  stress	  granule	  formation	  in	  yeast	  versus	  U2OS	  eukaryotic	  cells.	  Further,	  future	  studies	  in	  U2OS	  cells	  could	  examine	  the	  threshold	  of	  2,4-­‐D	  exposure	  at	  which	  oxidative	  stress	  occurs.	  	  	  Our	   results	   examining	   the	   compound	   effects	   of	   pesticides	   were	   inconclusive.	   More	  replicates	   for	   the	   glyphosate	   pre-­‐treat	   experiment	   are	   needed,	   as	   the	   results	   were	   not	  statistically	  significant	  from	  the	  two	  performed	  replications	  in	  this	  study.	   	  Supplementary	  experiments	  with	  additional	  concentrations	  of	  glyphosate	  may	  be	  useful	  in	  establishing	  an	  observable	   trend,	   testing	  the	  previously	  mentioned	  proposed	  5%	  trend.	   In	   increasing	  the	  concentration	  of	  the	  glyphosate	  pre-­‐treat,	  the	  threshold	  of	  apoptosis	  should	  be	  noted	  and	  compared	   with	   the	   previously	   observed	   5	   mM	   of	   glyphosate.	   Similar	   assays	   using	  
	  	  22	  
 formulations	  of	  glyphosate	  opposed	  to	  the	  natural	  form	  will	  provide	  additional	  information	  on	  stress	  granule	  formation	  in	  the	  most	  widely	  available	  pesticide	  mixtures.	  This	  data	  can	  be	  compared	  with	  Chaufan’s	  assays	  studying	  2014	  production	  of	   reactive	  oxygen	  species	  (ROS)	  (Chaufan,	  2014). 
 As	   mentioned	   in	   the	   introduction,	   stress	   granules	   have	   a	   relationship	   with	   processing	  bodies,	  or	  P-­‐bodies,	  spatially,	  in	  composition,	  and	  in	  function	  (Kedersha	  et	  al,	  2005).	  Given	  that	   stress	   granules	   function	   to	   sort	   and	   remodel	  disassembled	  polysomes,	   and	  P-­‐bodies	  are	   primarily	   responsible	   for	   degradation,	   the	   interrelation	   between	   the	   two	   could	   be	  examined	  through	  P-­‐body	  counts.	   
 Despite	   these	   limitations,	   this	   study	   aids	   to	  help	   further	   the	   research	  on	   any	  deleterious	  effects	   caused	   by	   acute	   pesticide	   exposure.	   The	   completion	   of	   these	   research	   objectives	  provides	   support	   that	   the	   application	   of	   pesticides	   in	   the	   agricultural	   world	   should	   be	  associated	  with	  safety	  measures	   that	   limit	  human	  exposure,	  and	  that	   the	  use	  of	  pesticide	  alternatives	  should	  be	  explored. 
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Appendices	  
Appendix	  A:	  Raw	  Data	  for	  2,4-­‐D	  Acute	  Exposure	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Appendix	  B:	  Raw	  Data	  for	  Cycloheximide	  Pre-­‐treatment	  Acute	  Exposure	  
 
 
Appendix	  C:	  Raw	  Data	  for	  Glyphosate	  Pre-­‐treatment	  Acute	  Exposure	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Appendix	  D:	  Cell	  Fixation	  Protocol	  
Materials:	   
● 12-­‐well	  plate 
● Coverslips 
● Hemocytometer 
● Media	  (88%	  DMEM+10%	  FBS+1%	  P/S+1%	  Glutamate) 
● Toxin	  (Arsenic,	  2,4-­‐D,	  glyphosate,	  and/or	  cycloheximide) 
● Centrifuge	  tubes 
● Needed	  pipette	  and	  sterile	  tips	  along	  with	  an	  electronic	  pipettor	  and	  micropipette 
● Aspirator 
● Orbital/shaker 
● 1X	  	  PBS 
● 4%	  Paraformaldehyde 
● Methanol 
● Hoechst	  33342 
 
Protocol 1. In	  the	  12-­‐well	  plate,	  place	  a	  coverslip	  in	  each	  well	  using	  an	  aspirator.	  2. Perform	  a	  cell	  count	  to	  determine	  the	  amount	  needed	  to	  plate	  1.2	  x	  105	  cells/mL	  for	  growing	  24	  hours,	  or	  8	  x	  104	  cells/mL	  for	  growing	  48	  hours.	  3. Put	  indicated	  concentration	  of	  cells,	  totaling	  1mL,	  into	  each	  well	  and	  grow	  for	  the	  corresponding	  time.	  4. To	  treat	  cells:	  a. Take	  off	  0.5	  mL	  of	  media	  from	  each	  well	  into	  associated	  centrifuge	  tubes.	  b. Put	  indicated	  concentrations	  of	  toxins	  in	  associated	  centrifuge	  tubes.	  c. Put	  back	  0.5	  mL	  from	  centrifuge	  tubes	  into	  associated	  wells.	  d. Incubate	  treatment	  for	  certain	  amount	  of	  time	  for	  specific	  experiment.	  5. Once	  incubation	  time	  has	  ended,	  bring	  12-­‐well	  plate	  to	  fume	  hood	  with	  necessary	  supplies.	  6. Take	  off	  media	  from	  each	  well	  and	  place	  in	  waste	  beaker.	  7. Rinse	  cells	  with	  1X	  PBS	  by	  dripping	  PBS	  down	  the	  side	  of	  the	  swell	  and	  then	  swirling.	  Take	  off	  PBS	  and	  place	  in	  waste	  beaker.	  8. Add	  .5	  mL	  of	  4%	  Paraformaldehyde	  in	  each	  well.	  9. Place	  on	  orbital	  platform	  for	  10	  minutes	  with	  a	  setting	  between	  3	  and	  4.	  10. Take	  off	  4%	  Paraformaldehyde	  from	  each	  well	  and	  put	  in	  hazardous	  waste.	  11. Add	  .5	  mL	  of	  methanol	  in	  each	  well.	  12. Place	  on	  orbital	  platform	  for	  10	  minutes	  with	  a	  setting	  between	  3	  and	  4.	  13. Take	  off	  methanol	  from	  each	  well	  and	  put	  in	  hazardous	  waste.	  14. Rinse	  with	  1X	  PBS	  by	  dripping	  PBS	  down	  the	  side	  of	  the	  swell	  and	  then	  swirling.	  Take	  off	  PBS	  and	  place	  in	  hazardous	  waste.	  15. Make	  solution	  of	  PBS	  and	  Hoechst	  33342,	  using	  a	  ratio	  of	  1uL	  Hoechst	  33342:1mL	  of	  PBS.	  Add	  .5	  mL	  of	  the	  solution	  to	  each	  well.	  16. Place	  on	  orbital	  platform	  for	  10	  minutes	  with	  a	  setting	  between	  3	  and	  4.	  17. Take	  off	  solution	  from	  each	  well	  and	  rinse	  with	  1X	  PBS	  three	  times.	  Fill	  each	  well	  with	  approximately	  0.5mL	  of	  PBS	  for	  mounting	  cover	  slips.	  	  
	  	  29	  
 
Appendix	  E:	  Mounting	  Cover	  Slips	  
Materials: 
● Slides 
● Labeling	  materials 
● Tweezers 
● Vinol	  mounting	  media 
● Pasteur	  pipette 
● DI	  Water 
 
Protocols: 1. Prepare	  each	  slide	  by	  labeling	  with	  treatment	  and	  place	  two	  dots	  of	  vinol	  mounting	  media	  on	  each	  slide.	  2. Carefully	  remove	  a	  coverslip	  from	  the	  well,	  and	  dab	  on	  a	  paper	  towel	  in	  order	  to	  take	  off	  excess	  PBS.	  3. Put	  coverslip	  on	  associated	  slide	  with	  cells	  facing	  down	  on	  the	  glue,	  inverting	  it	  from	  how	  it	  sits	  in	  the	  well	  plate.	  Gently	  press	  down	  on	  the	  coverslip	  with	  the	  tweezers.	  4. Blot	  twice	  with	  kimwipe	  to	  take	  off	  as	  much	  excess	  glue.	  5. Rinse	  slide	  with	  DI	  water	  and	  blot	  off	  excess	  water.	  6. Repeat	  steps	  2-­‐5	  for	  each	  coverslip	  in	  the	  well	  plate.	  7. Store	  slides	  in	  a	  dark	  slide	  box	  to	  minimize	  exposure	  to	  light.	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Appendix	  F:	  2,4-­‐D	  Acute	  Exposure	  Assays	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Appendix	  G:	  Glyphosate	  Pre-­‐treatment	  with	  2,4-­‐D	  Treatment	  Acute	  Exposure	  Assays	  
 
 
 
 
